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The hypothesis that plants supplied with organic fertilizers are better defended against insect herbivores

than those supplied with synthetic fertilizers was tested over two field seasons. Organic and synthetic

fertilizer treatments at two nitrogen concentrations were supplied to Brassica plants, and their effects

on the abundance of herbivore species and plant chemistry were assessed. The organic treatments also

differed in fertilizer type: a green manure was used for the low-nitrogen treatment, while the high-

nitrogen treatment contained green and animal manures. Two aphid species showed different responses

to fertilizers: the Brassica specialist Brevicoryne brassicae was more abundant on organically fertilized

plants, while the generalist Myzus persicae had higher populations on synthetically fertilized plants. The

diamondback moth Plutella xylostella (a crucifer specialist) was more abundant on synthetically fertilized

plants and preferred to oviposit on these plants. Glucosinolate concentrations were up to three times

greater on plants grown in the organic treatments, while foliar nitrogen was maximized on plants

under the higher of the synthetic fertilizer treatments. The varying response of herbivore species to

these strong differences in plant chemistry demonstrates that hypotheses on defence in organically

grown crops have over-simplified the response of phytophagous insects.

Keywords: agro-ecology; Brassica oleracea var. capitata; glucobrassicin; nitrogen;

sinigrin; sustainable agriculture
1. INTRODUCTION
Advocates of organic farming have suggested that the use

of alternatives to synthetic fertilizers results in lower

populations of herbivorous pest species. Organic fertili-

zers such as animal manures contain nitrogen sources

that are released over a longer time scale than the nitrogen

in synthetic fertilizers and thus are less readily available to

the host plant (Eigenbrode & Pimentel 1988; Phelan et al.

1995, 1996; Hsu et al. 2009). Results from field trials and

farm comparisons testing this hypothesis are inconsistent:

some studies show a reduction of herbivore populations

or performance on plants fertilized with organic com-

pared with synthetic fertilizers (Alyokhin et al. 2005;

Ponti et al. 2007), and others show no significant fertilizer

effect (Costello & Altieri 1995; Letourneau et al. 1996;

Bengtsson et al. 2005) or lower populations under syn-

thetic fertilizer treatments (Culliney & Pimentel 1986).

A meta-analysis found no significant effect of crop pro-

duction system on herbivore species abundance, though

the trend was towards higher populations under conven-

tional production (Bengtsson et al. 2005). Apart from

Costello & Altieri (1995), the studies above assessed the
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abundance, preference or performance of just one herbi-

vore species or presented data from a single year of a field

trial, so the hypothesis of lower herbivore abundance

under organic fertilizers had not been rigorously tested.

Primary metabolites such as nitrogen (Mattson 1980)

and secondary metabolites (e.g. glucosinolates; Hopkins

et al. 2009) are important attributes of plant quality,

which often mediate interactions between insect herbi-

vores and plants. Eigenbrode & Pimentel (1988) found

no effect of manure and synthetic fertilizers on concen-

tration of total glucosinolates, while a study that

measured a single glucosinolate, sinigrin, found an

increase in Brassicas grown in pots in organic compared

with synthetic fertilizer treatments (Hsu et al. 2009). As

few studies have conducted chemical analyses in addition

to assessments of insect abundance under organic and

conventional fertilizer treatments, it is not possible to

generalize about the possible chemical mechanisms that

might explain effects on insect herbivore species.

Glucosinolates are widely considered to play a defensive

role in Brassica–herbivore relationships (Bradburne &

Mithen 2000) and to have a negative effect on generalist

insect herbivores (Hopkins et al. 2009), though some gen-

eralist species are able to tolerate or detoxify some

glucosinolates (Poelman et al. 2008a). Brassica specialists

have very specific interactions with glucosinolates; some
This journal is q 2009 The Royal Society
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compounds act as oviposition and feeding stimulants

(Renwick et al. 2006) while others delay larval growth

(Hopkins et al. 2009). Some specialist Brassica feeders

have evolved detoxification mechanisms (Ratzka et al.

2002; Wittstock et al. 2004).

In the current study, we hypothesized that herbivore

populations and foliar nitrogen concentration would be

greater on synthetically fertilized plants (Phelan et al.

1995), which would have lower glucosinolate concen-

trations than organically fertilized plants (Hsu et al.

2009). Organic and synthetic fertilizer treatments were

applied at two equivalent levels of total nitrogen to Brassica

field plots. This allowed us to differentiate between effects

of fertilizer quantity and fertilizer type, as many previous

studies have compared synthetic fertilizers that have high

total nitrogen concentration with an organic fertilizer that

has low nitrogen concentration. The abundance of the

dominant herbivorous insect species was assessed over

two field seasons, and compared with foliar nitrogen

and glucosinolate concentrations. The above evidence

on the importance of nitrogen and glucosinolates in

Brassica–herbivore interactions meant that these chemical

factors were highly likely to be causal in effect, though the

influence of other components of plant chemistry (e.g.

proteinase inhibitors) cannot be discounted.
2. MATERIAL AND METHODS
(a) Field trial

(i) Experimental design

The field trial was conducted on an experimental farm at the

University of Reading, UK (518240 N, 08570 W) in 2007 and

2008, on a grassland site not cultivated for 20 years. The soil

was rotovated to 30 cm three times during the summer pre-

ceding the experiment. Sixteen 6 � 6 m plots were laid out

in 4 rows � 4 columns separated by 1-m-wide paths. Fertili-

zer treatments were applied in a randomized four block

design. Trifolium repens var. Milvus seeds (108 g) were sown

on the organic fertilizer treatment plots each preceding

September, to provide a green manure crop. Green manure

samples were collected from these plots in mid-April each

year by clipping all the vegetation within three 20 � 20 cm

quadrats at ground level. Samples were dried at 808C for

72 h and total nitrogen analysed by a Kjeldahl analysis

(AOAC 1995), enabling us to calculate the amount of total

nitrogen being provided by the green manure crop.

Fertilizer treatments were added in early May each year: a

conventional high fertilizer treatment (ammonium nitrate

(Nitram) at 200 kg nitrogen per hectare); a conventional

low fertilizer treatment (ammonium nitrate at 100 kg nitro-

gen per hectare); an organic high-input treatment (green

manure plus Greenvale (Yorkshire, UK) organic chicken

manure pellets to provide approx. 200 kg nitrogen per

hectare in total); and an organic low-input treatment

(green manure only, at approx. 100 kg nitrogen per hectare).

After fertilizer addition the plots were rotovated again to

30 cm. A drip irrigation system (T Tape, San Diego, USA)

supplemented rainfall.

(ii) Plant cultivation

Brassica oleracea var. capitata cv. Derby Day seeds (Tozer

Seeds, Sussex, UK) were sown in low-nutrient coir seed

compost (Fertile Fibre, Herefordshire, UK) in mid-April

each year and grown in an unheated polytunnel. Four
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weeks later seedlings were transplanted to experimental

plots at nine plants per square metre (324 per plot). Plots

were hand-weeded each week throughout each field season.

(iii) Insect abundance

Herbivorous insects were counted on 10 randomly selected

plants from each plot every week from mid-May to mid-

August. Insects were counted on the stem, shoot and both

surfaces of each leaf. The majority of aphid and Lepidoptera

species were identified in the field. Where necessary, a min-

ority of Lepidoptera larvae were collected and reared

through to adults on Brassica foliage in the laboratory, to

confirm identification.

(iv) Plant biomass

Three plants from each plot were cut at soil level in mid-June,

mid-July and mid-August of each year. Each plant was

weighed and dried at 808C for 72 h to obtain fresh and dry

biomass.

(v) Foliar nitrogen content

Foliage from the three plants per plot used for biomass

measurements was combined to give one sample per plot

on each occasion for foliar nitrogen concentration. Samples

were milled through a 1-mm-diameter mesh. Total nitrogen

concentration was determined as above.

(vi) Foliar glucosinolate content

The fourth oldest leaf was collected from each of five plants

per plot in mid-June 2007, and mid-June, mid-July and mid-

August 2008. Due to technical problems we were unable to

process foliar samples from later in 2007. The five leaves

from each plot formed one sample on each occasion.

Samples were placed on ice packs and were frozen in liquid

nitrogen within 2 h, prior to being stored at 2208C. Leaves

were freeze-dried and milled as above. Glucosinolates were

separated and individual compounds identified and quanti-

fied (Heaney et al. 1986). Desulphoglucosinolates were

extracted as detailed by Kazana et al. (2007). Samples were

analysed by high-performance liquid chromatography

(HPLC; Agilent 1200 series with a Phenomenex Luna

3 mm C18(2) (150 � 2 mm) reverse phase column). Desul-

phoglucosinolates were separated using a water–acetonitrile

gradient. Retention times of standards were used to identify

desulphoglucosinolates and identification confirmed by

liquid chromatography-mass spectrometry (LC-MS).

(b) Plutella xylostella oviposition preference

(caged field experiments)

Two experiments were conducted: (i) oviposition choice

between plants grown in three types of fertilizer; and (ii) ovi-

position choice between plants grown in four concentrations

of ammonium nitrate. Each experiment was replicated 10

times. Brassica oleracea seeds were sown in seed compost as

above. Two weeks later, seedlings were transplanted to pots

(13 � 12 cm) in compost consisting of 33 per cent peat, 33

per cent loam, 22 per cent sand and 12 per cent grit by

volume (Monro Horticulture, Chichester, UK). The three

fertilizer type treatments consisted of the addition of 9.28 g

ammonium nitrate, 62.8 g John Innes fertilizer (Monro

Horticulture, Kent, UK) or 74.5 g organic chicken manure

(Greenvale) to 10 l of compost prior to transplanting. This

provided 0.32 g total nitrogen per litre of potting compost

per treatment. The fertilizer concentration treatments

involved the addition of 13.92, 9.28, 4.64 or 0 g of
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Figure 1. Mean (+ standard error) number of (a) B. brassicae
and (b) M. persicae per B. oleracea plant growing in conven-
tional high nitrogen (filled circle), conventional low
nitrogen (open circle), organic high fertilizer (filled down
triangle) and organic low input (open triangle) field trial

treatments in 2008. Results from 2007 are not shown as
aphid populations were very low (maximum M. persicae per
plant ¼ 39), and there were no significant differences
between the organic and conventional treatments for either

species in 2007.
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ammonium nitrate to 10 l of compost. The total nitrogen

added to each fertilizer treatment in oviposition experiment

(i) and the intermediate (9.28 g) ammonium nitrate treat-

ment in experiment (ii) was approximately equivalent to

the nitrogen applied to the high conventional and high

organic treatments in the field trial. The quantity added to

the low (4.64 g) ammonium nitrate treatment in experiment

(ii) was equivalent to the nitrogen applied to the two low

fertilizer field trial treatments. Plants were grown for four

weeks before being used for bioassays.

For each experimental replicate, three (experiment (i)) or

four (experiment (ii)) plants were placed in a cage made of a

stainless steel frame (KeeKlamp, Berkshire, UK) with Tygan

netting sides (2 � 2 � 2 m; mesh size 1 mm) at the field site

above, which allowed P. xylostella to receive natural light and

temperature cues. Plants were randomized within the cages.

Ten unmated female and ten male P. xylostella, both groups

emerged in the previous 24 h, were released in the centre

of the cage equidistant from the plants on 16th July 2007

for experiment (i) and on 21st August 2007 experiment

(ii). Cotton wool soaked in 20 per cent honey solution was

placed in the cage to provide a food source. The number of

eggs laid on each plant was recorded 72 h later.

(i) Statistical analyses

Values for individual plants were summed to provide a value

per treatment plot for each date, as plot was the level of repli-

cation. Mixed effects linear models (Crawley 2007) were

used to test the effects of the field experiment fertilizer treat-

ments on herbivore abundance, plant biomass, foliar

nitrogen and foliar glucosinolate concentrations within each

year of the field trial, with the exception of glucosinolate

data from 2007, where ANOVA was used. Time-points

were included as a random repeated measures factor, and

block also included as a random factor (Crawley 2007).

Chemical and biomass data were natural-log-transformed

prior to analysis approximating a normal distribution and

plant herbivore (count) data were analysed using a Poisson

distribution. Spearman’s rank correlation tests were con-

ducted to test whether there was a relationship between the

number of alate B. brassicae and M. persicae on each plant,

to investigate potential competitive effects on aphid coloniza-

tion of plants. Goodness-of-fit (G) tests were used to test the

effect of fertilizer type and fertilizer quantity on egg fre-

quency for the oviposition preference experiments (Sokal &

Rohlf 1995). Analyses were conducted using R v. 2.7.2

(R Team 2006).
3. RESULTS
(a) Field trial

(i) Insect abundance

The most common insect herbivore species found were the

aphids Brevicoryne brassicae L. (Homoptera: Aphididae)

and Myzus persicae Sulzer (Homoptera: Aphididae), and

the moth P. xylostella. Brevicoryne brassicae was more abun-

dant in the high fertilizer treatments in both years (2007:

fertilizer level z ¼ 2.36, p , 0.05; 2008: fertilizer level z ¼

10.86, p , 0.001; figure 1a). In 2008, B. brassicae were

also more abundant on the organically fertilized plants

(fertilizer type: z ¼ 6.64, p , 0.001). There was a signifi-

cant interaction between fertilizer type and fertilizer level

in 2008, as under conventional treatments there were

fewer B. brassicae on the low conventional fertilizer
Proc. R. Soc. B (2010)
treatment compared with the high conventional treatment,

while fertilizer level did not affect abundance under the two

organic treatments (fertilizer type * fertilizer level: z ¼ 8.68,

p , 0.001; figure 1a). Myzus persicae was more abundant on

the high fertilizer treatments in 2007 (fertilizer level z ¼

3.80, p , 0.001). In 2008, the strongest effect on M. persicae

abundance was an interaction between fertilizer type and

level, as M. persicae were most abundant on the con-

ventional low fertilizer treatment, and least abundant on

the organic high treatment (fertilizer type * fertilizer level:

z ¼ 8.09, p , 0.001; figure 1b). There was a very weak

significant correlation between the occurrence of B. brassicae

and M. persicae alates on plants in 2007 (Spearman’s

correlation coefficient ¼ 0.071, p ¼ 0.002), but this is

unlikely to have biological significance due to the small

correlation coefficient. In 2008, there was no correlation

between the number of B. brassicae and M. persicae alates

(Spearman’s correlation coefficient ¼ 0.016, p ¼ 0.520).

Plutella xylostella were more abundant on convention-

ally than organically fertilized plants in both years

(2007: fertilizer type z ¼ 2.50, p , 0.05; 2008: fertilizer

type z ¼ 2.34, p , 0.05; figure 2) and in 2007 P. xylostella

were less abundant on plants in the low fertilizer treat-

ments (z ¼ 3.45, p , 0.001). Other Lepidoptera

(Mamestra brassicae, Pieris rapae and Pieris brassicae)
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Figure 2. Number (mean+ standard error) of P. xylostella per
B. oleracea var capitata plant in conventional high nitrogen
(filled circle), conventional low nitrogen (open circle),
organic high fertilizer (filled down triangle) and organic
low input (open triangle) field trial treatments in (a) 2007

and (b) 2008.
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were present in low numbers in one or both years of the

field trial, but were too scarce to analyse abundance

statistically.

(ii) Plant biomass

No fertilizer treatment had a significant effect on plant

dry biomass in either year (table 1).

(iii) Foliar nitrogen content

Nitrogen concentration was greater for conventionally

fertilized than organically fertilized B. oleracea in both

years (figure 3, table 1). There was a significant

interaction between fertilizer type and level in both

years, as among conventionally fertilized plants there

were higher concentrations of nitrogen in the high

fertilizer treatments compared with the conventional low

fertilizer treatment, while it did not differ between the

two organic treatments (figure 3).

(iv) Foliar glucosinolate content

Five glucosinolate compounds were identified: gluco-

iberin, sinigrin, glucobrassicin, 1-methoxyglucobrassicin

and 4-methoxyglucobrassicin. All glucosinolates were

more abundant in the organically fertilized plants than

the conventionally fertilized plants in both years, except

for 1-methoxyglucobrassicin in 2008 (table 1). Differ-

ences in glucosinolate concentrations were substantial,

with up to three times greater concentrations in organi-

cally fertilized plants (figure 4). In addition to effects of
Proc. R. Soc. B (2010)
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fertilizer type, in 2008 glucoiberin was present in greater

concentrations in plant foliage under the low fertilizer

treatments (table 1).

(b) Plutella xylostella oviposition preference

(caged field experiments)

Plutella xylostella laid significantly more eggs on plants fer-

tilized with ammonium nitrate, compared with those

fertilized with chicken manure or John Innes fertilizer

(table 2). In experiment (ii) significantly more eggs were

laid on those fertilized with an intermediate concentration

of ammonium nitrate than those that were unfertilized or

fertilized with a high or low concentration of ammonium

nitrate (table 2).
4. DISCUSSION
Phelan et al. (1996) suggest that organic fertilizers may

result in a decrease in pest insect populations due to a

‘biological buffering effect of organic soils’ in which ‘min-

eral relationships are optimized’ (the Mineral Balance

Hypothesis). Our study demonstrates that herbivore

species differ in their responses to organic fertilizer treat-

ments. The organic and conventional fertilizer treatments

altered the abundance of each of the dominant herbivore

species, but the direction of the response differed across

the three species.

Within one feeding guild, the two aphid species

showed opposing responses to the organic fertilizer treat-

ments. More B. brassicae were found on the organically

fertilized plants compared with the conventional plants,

while M. persicae was more abundant on the conventional
Proc. R. Soc. B (2010)
low fertilizer treatment. The performance of the Brassica

specialist B. brassicae has been shown to be more closely

related to the glucosinolate content of its host plant

than the performance of M. persicae (Cole 1997), which

may explain the higher fecundity and populations of

B. brassicae on our organically fertilized plants. Myzus

persicae can be deterred from feeding by the presence of

indole glucosinolates (Kim et al. 2008), which we found

in higher concentrations in the organically fertilized

plants than the synthetically fertilized plants. However,

this does not fully explain the response of M. persicae, as

within the synthetic fertilizer treatments they were more

abundant on the low compared with the high fertilizer

treatment, but overall glucosinolate concentrations were

consistently low on both.

Apterous B. brassicae are known to sequester sinigrin

from their host plants, which reduces the survival of pred-

atory ladybird larvae (Adalia bipunctata; Francis et al.

2001; Kazana et al. 2007). In contrast, the mortality of

A. bipunctata larvae feeding on M. persicae was unaffected

by the glucosinolate content of the aphid’s diet (Francis

et al. 2001). The greater concentration of glucosinolates

(including sinigrin) found in organically fertilized plants

may explain the larger populations of B. brassicae found

on these plants in our study, through higher fecundity,

reduced predation or both.

Ponti et al. (2007) used treatments that were very

similar to our two low fertilizer treatments, but found

higher B. brassicae populations on broccoli plants growing

in synthetic fertilizer compared with organic composts.

Plant chemistry was not assessed in their study

(Ponti et al. 2007). Broccoli foliage contains



Table 2. Number of eggs laid when a P. xylostella female was given the choice between B. oleracea plants grown in (i) different

types of fertilizer and (ii) different concentrations of ammonium nitrate fertilizer. GP measures treatment (pooled) difference
between all replicates and GH measures heterogeneity between replicates within one experiment.

mean number of eggs per plant

replicated
goodness-of-fit test

GP GH

(i) fertilizer type ammonium nitrate John Innes chicken manure
40.3 26.8 23.7 49.6*** 174***

(ii) ammonium nitrate concentration high medium low zero
32.4 50.4 35.9 42.5 46.2*** 456***

*** p , 0.001.
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gluconasturtiin (2-phenylethylglucosinolate; Rodrigues &

Rosa 1999), which decreases the survival of B. brassicae

in several Brassica varieties, but is not present in cabbages

(Cole 1996). If the concentration of all glucosinolate com-

pounds was greater under their organic fertilizer treatment

as under our organic fertilizer treatments, an increase in glu-

conasturtiin concentration may have resulted in reduced

B. brassicae survival. This could explain the difference

between Ponti et al.’s (2007) results and ours. These specific

effects of glucosinolates on specialist herbivore performance

suggest that fertilizer effects on aphid abundance can differ

both between species and between plant cultivars.

Plutella xylostella was more abundant on the convention-

ally fertilized plants in both years, and on the high fertilizer

treatments in 2007. Plutella xylostella were also generally

less abundant in 2008 compared with 2007. This may be

due to differences in overwintering survival or in the

number of adults migrating in the UK between the 2

years. The abundance of Lepidoptera larvae was greater

on plants growing in a synthetic fertilizer compared with

cow manure or sewage sludge (Culliney & Pimentel

1986), and P. xylostella larval abundance was correlated

with increased nitrogen supply (Jansson et al. 1991). In

our field cage experiments, P. xylostella laid more eggs on

plants growing in the synthetic fertilizer compared with

those in organic chicken manure, and oviposition was

maximized on plants in an intermediate synthetic fertilizer

treatment, equivalent in concentration to our field trial

conventional high treatment (200 kg nitrogen per hectare).

Early instar P. xylostella rarely move away from their original

host plant (Renwick 1989), so their performance is depen-

dent on female oviposition choice.

Plutella xylostella oviposition is stimulated by a range of

glucosinolates (Reed et al. 1989; Poelman et al. 2008b)

and their derivatives (Renwick et al. 2006). In our study, P.

xylostella oviposition preference did not appear to relate to

the greater glucosinolate concentrations found under

organic fertilizer treatments in the field trial. Specific com-

pounds may be oviposition stimulants up to a threshold

concentration, beyond which oviposition may be unaffected

or deterred by increasing concentrations. Poelman et al.

(2008a) found that glucosinolate profile did not explain

the performance of P. xylostella on a range of B. oleracea cul-

tivars. Plutella xylostella larvae are capable of detoxifying

glucosinolates (Ratzka et al. 2002), so foliar nitrogen con-

tent may be more important for larval performance than

glucosinolate concentration.
Proc. R. Soc. B (2010)
Our two organic treatments differed not only in the

quantity of fertilizer supplied, but also in the type of ferti-

lizer. Despite these qualitative differences there was little

variation in nitrogen or glucosinolate concentrations

between the two organic treatments. Nitrogen concen-

tration was greatest in the conventional high fertilizer

treatment in both years, in line with a recent review that

found consistently higher nitrogen content in convention-

ally grown produce compared with that produced under

organic management (Dangour et al. 2009). Nitrogen con-

centration remained high throughout the field season in

the conventional high fertilizer treatment but decreased

over time in the other three treatments, which may suggest

that plants in the latter were nitrogen-limited later in the

growing season. Although the total nitrogen applied was

the same in the two ‘high fertilizer’ (200 kg nitrogen per

hectare) and the two ‘low fertilizer’ (100 kg nitrogen per

hectare) treatments in our study, the type of fertilizer

will have strongly affected the availability of nitrogen to

the plants (Alyokhin et al. 2005; Kramer et al. 2006).

Our two conventional fertilizer treatments only sup-

plied nitrogen, while the organic ones supplied a wider

range of nutrients for the plants, which may have affected

the concentration of primary and secondary metabolites.

For example, sulphur is an important prerequisite for

the production of glucosinolates in Brassica, and the

amount of sulphur supplied can alter the oviposition and

performance of insect herbivores (Marazzi & Stadler

2005). Four of the five glucosinolates identified were pre-

sent in substantially higher concentrations in organically

fertilized plants in both years, and the same effect was

shown by the fifth compound (neoglucobrassicin) in

2007. Hsu et al. (2009) also found an increase in a

single glucosinolate (sinigrin) in Brassica grown in pots

with an organic soybean meal treatment compared with

those in synthetic fertilizer. Brassica glucosinolate concen-

trations often decrease in response to increasing fertilizer

or nitrogen supply (Fischer 1992; Chen et al. 2004;

Aires et al. 2006; Schonhof et al. 2007), but, with the

exception of glucoiberin, we found no effect of fertilizer

quantity on glucosinolate concentration. The differences

in glucosinolate concentration found in the current study

were probably constitutive rather than induced (Siemens &

Mitchell-Olds 1998), as the dominant chewing

herbivore (P. xylostella) was more abundant on the

conventional plants, which had a lower concentration of

glucosinolates.
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For the first time, we connect the response of naturally

occurring populations of three herbivore species to con-

trolled organic and conventional fertilizer treatments

applied in a field trial over 2 years with detailed chemical

analyses of potential causative compounds. Our results

demonstrate the importance of assessing plant chemistry

to investigate mechanistic links between fertilizer treat-

ments and herbivore responses. The complexity and

specificity of these interactions between plant chemistry

and herbivores suggest that we cannot currently generalize

across species about the effects of organic and conventional

fertilizer treatments on populations of insect herbivores.
Dr Irene Mueller-Harvey (University of Reading) conducted
the foliar nitrogen analysis. We are grateful to Bruce Main
and David Mclay for technical assistance. Two anonymous
reviewers helped us to improve the manuscript. Funding
was provided by BBSRC grant BB/D01154x/1.
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